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Introduction
All hydrocarbon fuels, be them conventional natural gases, shale gases, i.e., gases trapped in shale formations, associated gases or 'flare' gas produced at refineries, can be used in hydrogen (H 2 ) production [1]. Natural gas has been recently publicised as a bridge fuel to a low carbon future due to its favourable H 2 -to-carbon ratio and newly developed technologies allowing to tap enormous amount of shale gas reserves worldwide that were previously inaccessible [2, 3] . With the new found abundance of natural gas that is readily available and can be supplied at a competitive cost, natural gas will remain a very significant contributor to the energy mix [3, 4] . A boom in shale gas production [5] in the world foresees that gas will remain the main feedstock of steam reforming in the near term, in contrast to naphtha, which is declining due to high availability of natural gas [5, 6] . The 2017 Annual Energy Outlook projected that the U.S (world largest producer of shale gas) natural gas production will increase (an estimate of nearly 4% annual average) as it has since 2005 [7] . An enormous amount of this projected increase is expected from shale gas extraction [7e9] . Additional techniques of natural gas consumption are also desirable (owing to its newfound abundance), including methodologies for proficient H 2 production in small scale, 'distributed fashion at a point of use'. Distributed H 2 production will assist in overwhelming one of the key 'barriers to the implementation of a so called H 2 economy' (the absence of large scale delivery infrastructure) [3] .
H 2 is a very important element with a vast range of application and use [10, 11] . It is at present being utilised in many industries, from petroleum refining and chemicals production (NH 3 , HCl) to food (production of hydrogenated vegetable oils such as butter and margarine), metallurgical, glass (to form the rim on glass) as well as power and electronics industries (rotor coolant for turbo generators) [10] . H 2 is mainly used as a chemical feedstock in the production of, for example, petrochemicals and ammonia (Haber-Bosch process) in synthetic fertilizer industries [10, 12, 13] . Ammonia production individually represents the H 2 largest demand, consuming about 50% of all the H 2 produced in the world [10, 14, 15] . Significant amounts of H 2 are also consumed during hydroprocessing (hydrotreating and hydrocracking processes) in refineries. Interestingly 84% of a typical hydrocracker operating costs arise from H 2 alone (15% utilities and 1% catalyst) [16] . World-wide consumption of merchant H 2 used for petroleum refining has been projected to rise 5.3% annually through 2018 [17] . It has also been projected that H 2 demand in the world chemical manufacturing market will increase to 4.8% per year to 38.8 billion cubic meters in 2018. Demand in other global markets, totalled, is predicted to rise 4.2% per year to 31.7 billion cubic meters in 2018 [17] . H 2 is also used as raw fuel for fuel cells, which have the power to produce electricity without the air emissions associated with conventional combustion devices used as transport engines or stationary gas turbines. Low temperature fuel cells have increased the significance of H 2 because they need a continuous supply of pure H 2 and air [18] . Furthermore, H 2 gas also has the highest higher heating value of any fuel (120.2 MJ kg
À1
) and the only by product of its combustion is water without any greenhouse or pollutant emission such as CO 2 in the environments [1] .
Conventional steam reforming (C-SR) is the most recognised and commonly used process to produce H 2 on a large scale [19] . Approximately 90% of the world's overall H 2 production is by C-SR of fossils fuels [14, 19, 20] . The technology has also dominated syngas production for a good 70 years. Even though efforts have been endlessly made to enhance the process by improving catalyst activity and operating conditions including heat transfer to reach a better performance, an inevitable hitch of the process is its intensive energy requirement [21] . Furthermore, the process has caused many environmental problems such as increase in global warming gases concentration in the atmosphere (especially CO 2 ). Presently, 'the CO 2 increasing rate is about 8 billion tons per year', thus making the reduction of such gases, especially CO 2 , extremely important [22] . The sorption enhanced steam reforming (SE-SR) process aims to address both problems. Detail background/ description of the processes is given in the next section.
Although numerous thermodynamic studies have been carried on the Sorption Enhanced steam reforming process using various feedstocks and operating conditions such as oxygenated hydrocarbons [23e25], urea [26] , pure methane [3, 27, 28] , pure propane [29] and bio-oil/biogas [30] including coke oven gas but coupled with chemical looping such as Shaojun at al [31] , none of the studies looked into the range of mixtures of hydrocarbon gases present in shale gas as SR feedstock, not to mention the effect that significant amount of inert gases can have on the steam reforming process.
This studies aim to investigate the thermodynamics of shale gas as it comes out of the ground with higher hydrocarbons such as C 2 H 6 and C 3 H 8 in addition to CH 4 (main hydrocarbon component), an inert (N 2 ) and impurity (CO 2 ) [4] . In addition the effect of coupling Conventional steam reforming (C-SR) with -the Sorption Enhancement (SE) process is investigated as well as identifying the optimum operating condition of the SE-SR process when operating with shale gases feedstocks. Detail description of processes with schematic can be found in S G Adiya et al. [32] .
Process background
The term conventional steam reforming refers to a catalytic reaction (metallic nickel being the most common catalyst) between a volatile organic fuel which may be non-oxygenated, such as methane, natural gas [1], or oxygenated, such as bio-oil [33, 34] , and steam. The main steps in the industrial process are represented by Reactions R1, i.e. the generation of syngas (H 2 , CO), with co-product CO 2 (R2) at high temperature 800e950 C and medium pressure 20e35 atm [20,35e37] . The syngas may be further reacted at lower temperature 200e400 C [20,37e39] to maximise H 2 generation, through the reaction of water gas shift 'WGS' (R3). Taken together the overall process SR R1 and WGS R3 reaction results into R2, the complete steam methane reforming reaction. Even though the WGS is exothermic, the global energy requirement of the process is significantly endothermic [20] , necessitating an external source of energy. It is worth nothing that thermal decomposition of the fuel produces C and H 2 (R4), so, although R4 generates H 2 , it is undesirable as it deactivates the catalyst by carbon deposition as well as decreases the yield of H 2 compared to steam reforming. A desirable by-production of H 2 comes from dry reforming (R5) because two molecules (CH 4 and CO 2 ) that contribute to greenhouse effect significantly are converted into valuable products (H 2 and CO)). Natural gas, whose main component is methane but also features significant amounts of C > 1 species (hydrocarbons with carbon number higher than one), also undergo steam reforming via general reaction R6 (like ethane (R7) and propane (R8)), followed by the water gas shift reaction R3. Studies on dry reforming R5 occurring concurrently with SR are limited/not available.
Other side reactions also take part during steam reforming process, for example, CO disproportionation, a.k.a. Boudouard reaction (R9), exothermic and requiring low temperatures (<400 C) and reverse Boudouard (R9 b ) reaction, endothermic and common at steam reforming temperatures. Methanation reactions (R1 b and R2 b ) where subscript 'b' denotes reverse direction), which are the reverse steam reforming and the reverse water gas shift reaction (R3 b ), are also possible reactions in steam reforming processes. The equilibrium of methanation vs. steam reforming is very temperature and pressure dependent, the latter prevailing at higher temperatures and lower pressures. Separation/purification marks the end of the process (C-SR). This step is downstream of the WGS. Various techniques are available that can be used to achieve the separation process. Pressure swing absorption (PSA), membranes, and cryogenics are the most commonly used techniques for syngas separation [20, 40, 41] . PSA separation techniques are technically mature technologies that can provide high degrees of end H 2 purity (up to > 99%). However, membrane technology is a promising and developing technology but also has the ability to generate high purity H 2 (>99%) [20] . Chemical absorption for example CO 2 scrubbing using methyldiethanolamine (MDEA), monoethanolamine (MEA), activated methyldiethanolamine (aMDEA) are also used for separation but purity of H 2 is less than with PSA, membrane or cryogenics [42] . Detailed overview on membrane separation and chemical absorption can be found in Adhikari and Fernando [43] and Yildirim et al. [42] respectively. It is worth noting that the final separation step is not covered in the present study.
One major concept for CO 2 emission reduction is CO 2 sequestration, in which CO 2 is absorbed in the emission source, preventing it emission into the atmosphere. A solid CO 2 sorbent is the backbone of this promising technology [44] . . It is of utmost importance for the sorbent to have a high selectivity and adsorption capacity at operating temperature and pressure. The loss of absorption capacity during cyclic operation is primarily caused by sintering of the sorbent. This include change in pore shape of the particle and agglomeration of small particle size. Thus, causing the carbonation process (R10 or R11) to occur just on the external surface of the sorbent [50e52] rather than the full material's volume. This undesirable phenomenon can be prevented by improving the stability of the material by incorporating an inert support material to the sorbent [44] 
adsorption ability of CO 2 after repeated adsorption and desorption cycles, including good mechanical strength of adsorbent particles after cyclic exposure to high pressure streams [45, 58] .
CaO ðsÞ þ CO 2 $CaCO 3ðsÞ R10
The main aim of SE-SR in packed bed reactor configuration is to improve the well-known C-SR process [59] . In other words, all the three basic steps in the conventional method i.e. steam reforming, WGS and separation step are conducted simultaneously in a single reactor vessel in the presence of catalyst and a solid CO 2 sorbent. The process (SE-SR) is well researched, with pilot scale plants (capacity ranging from 2 to 20 MW) built in Sweden, Australia, and Germany for syngas production [60e62]. In fact H 2 production from hydrocarbon in the presence of CaO (s) sorbent reportedly took place as early as 1868 [1, 63] . A patent for H 2 production using SE-SR process was issued in 1933 [1, 64] . The process is operated in cyclic reforming/ calcining mode achieved with alternating feed flows in two packed bed reactors. Alternatively, circulating bed materials moving between reformer (fuel-steam reactor) and calciner (air reactor) can be used with two fluidized bed reactors, each operating in continuous flow. Either way the reforming reactor generates the syngas while the calcination reactor performs the CO 2 sorbent regeneration. While it is possible to conduct reforming and calcination semi-batch wise in a single packed bed reactor vessel, causing intermittent H 2 production, it would be more attractive to operate in at least two packed bed reactor vessels [1, 63] , therefore making the process cyclic with continuous H 2 production and CO 2 capture.
The highly exothermic nature of the carbonation reaction (R10 or R11), means heat is required to regenerate the sorbent back to CaO (R10 b or R11 b ). Thus, once the sorbent is nearly saturated with CO 2 , it is regenerated in situ by temperature (calcination) swing adsorption principle, making the CO 2 sorbent useable again [1, 26] . When using CaO as the sorbent, calcination is required as the chemical bonds of the carbonate require severing to release the previously captured CO 2 .
As the CO 2 is captured on a Ca-based sorbent as CaCO 3(S) , the equilibrium of the H 2 producing process is shifted towards the right, first via enhanced water gas shift reaction, and then, by knock on effect due to drop in CO reactant, via enhanced steam reforming reaction, increasing fuel/feedstocks conversion. Consequently, better H 2 yield and purity are obtained at temperatures of about 723e873 K compared to the C-SR process operating condition above 1073 [1, 26, 46, 65] . In addition, the process has the potential to reduce separation/purification steps and extent [45, 58] , as well as generating pure CO 2 that becomes suitable for subsequent use or sequestration during the sorbent calcination step [45, 58, 66] . Fig. 1 illustrates the advantages in infrastructure and operational savings that SE-SR may have over C-SR via the elimination of the separate WGS stage and the reduced requirement for the PSA. The CO 2 -rich gas generated during calcination (step 2 of SE-SR, Fig. 1 ) could potentially be used to run a gas turbine.
Methodology of the thermodynamic equilibrium calculation
Thermodynamic equilibrium calculation was performed based on minimisation of Gibbs free energy using the CEA software by National Aeronautics and Space Administration (NASA) [67] . The calculation is based on a Newton Raphson iteration procedure [67] . All reactants (CH 4 , C 2 H 6 , C 3 H 8 , N 2 , CO 2 , H 2 O) were considered at equilibrium in the gas-water-Ca based CO 2 sorbent system in addition to H 2 , CO, C (S) , NH 3 and Ca containing solid species CaO (S) and Ca(OH) 2(s) for the SE-SR process, with CaCO 3(s) as additional product. Other related species for example C 4 H 2 , C 4 H 6 , C 4 N 2 , CH 2 , CH 3 , CH 2 OH, C 2 H 4 , C 2 H 5 , CCN, CNC, CN and CH 3 COOH were also considered in the equilibrium calculations however, their equilibrium molar fractions were less than 5 Â 10
À6
, thus, neglected. Outputs of the materials balances were given in terms of H 2 yield as mass percentage of the fuel gas, as well as H 2 purity and selectivity of carbon containing products to calcium carbonate.
With shale gases consisting in X, Y and Z mol % of the alkanes CH 4 , C 2 H 6 and C 3 H 8 , T mol% of CO 2 and I mol % of N 2 , the absolute maxima of H 2 yield, H 2 and CO 2 or CaCO 3 products could be expressed as:
where the hydrocarbon content in the shale gas is defined by the molar formula C nSG H mSG with
and
Substituting Eqs 2 & 3 into Eq. 1 and simplifying, we obtain Eq. 4 as function of X, Y, Z, T and I Max H 2 yield wt% ¼ 100 Â 2:02ð2n SG þ 0:5m SG Þ 12:01n SG þ 1:01m SG þ ð44:01T=100Þ þ ð28:02I=100Þ
(1)
H 2 purity in the reformate gas for the SG mixtures was defined according to Eq. (5):
Enhancement effects of SE-SR overs C-SR are measured by using Eqs. (6)e (8):
Percent increase in H 2 purity ¼ 100 Â ðH 2 purity SE À SR À H 2 purity C À SRÞ Â =H 2 purity C À SR (7) i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y x x x ( 2 0 1 7 ) 1 e1 5
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Please cite this article in press as: S G Adiya ZI, et al., Effect of hydrocarbon fractions, N 2 and CO 2 in feed gas on hydrogen production using sorption enhanced steam reforming: Thermodynamic analysis, The thermodynamic properties (specific heats, enthalpies, entropies) for the initial feed mixture and the equilibrium mixture were from McBride et al. [67] . The National Institute of Standards and Technology (NIST) database and Aspen Plus software's RGibbs model reactor with Ideal and PengRobinson properties calculation methods were also used for results verification. The later was conducted at S:C ratio of 3 only. The selected feedstock model composition was based on values found in the literature [68] . Both compositions are actual shale gas composition from the United States [68] . Shale gas termed 'SG1' is from a Marcellus shale which lies in western Pennsylvania, Ohio and West Virginia. The gas composition differs across the field, becomes richer from east to west. Shale gases termed 'SG2', 'SG3' and 'SG4' are from Antrim shale (a shallow shale) in Michigan, U.S. The Antrim shale is unique due to the fact that its gas is predominately biogenic (methane is generated as a by-product of bacterial consumption of organic material in the shale) [68] . Full details on the gases can be found on Bullin and Krouskop [68] . In addition, shale gas termed 'SG1' was chosen because it represents a typical composition of natural gas, containing roughly up to 80% of methane with the remainder made up of higher hydrocarbons (>C3), CO 2 and inert gas [69] , representing a mixture rich in ethane and propane. SG1 and SG2 can also represent typical composition of natural gases from Nigeria [70] and UK North sea [71] , containing up to 80% methane and Lacq France natural gas containing up to 70% methane [71] respectively. SG3 and SG4 compositions correspond to typical composition of gases with relatively low hydrocarbon and high inert (N 2 ) content. The latter will also help in assessing the effect of inert gases in H 2 production. Conditions at equilibrium were provided on the basis of moles of each hydrocarbon gas input (CH 4 , C 2 H 6 , C 3 H 8 ), as represented by content in higher hydrocarbon and inert (N 2 ) as well as CO 2 in the various gases, with methane always being the main hydrocarbon component, the molar steam to carbon ratio (S:C), as well as system temperature and pressure.
The authors applied their own post processing procedures allowing the calculations of reactants conversions, molar yields of product, and enthalpy balances, including the enthalpy terms associated with bringing to the reaction temperature the reactants from initial room temperature of 298 K and natural phase of feed (gas, liquid water, solid sorbent (CaO (s) )). Additional enthalpy terms associated with regeneration of the sorbent were also incorporated in the energy balance calculation. A carbon balance was used to facilitate the calculation of the equilibrium total moles produced for the initial mixture chosen ('N eq ') and derive products yields and reactants conversions 'X i ' as shown in Adiya et al. [32] .
In the presence of sufficient CaO (S) sorbent and steam, maximum H 2 purity for SG1, which contains negligible N 2 (Eq. (5)), could reach 100% as all the hydrocarbon feed content converts to CO 2 and H 2 via steam reforming, with all CO 2 product and feed becoming CaCO 3(S) carbonate. The latter would be concurrent with maximum H 2 yield. However, 100% H 2 purity for SG1 could potentially also be attained via 100% conversion through the thermal decomposition reaction, which generates C (S) and H 2 , whilst the sorbent would capture the little CO 2 originally present in the SG feed. In this case the H 2 yield would be half the maximum corresponding to just H 2 and CaCO 3(S) products, because the H 2 content from the water co-reactant would not have been used. For this reason, H 2 purity is considered a secondary output behind H 2 yield. Table  1 displays both the maximum theoretical (stoichiometric) H 2 yields for each shale gas and the H 2 purity values associated with these maxima, assuming the C-SR process and the SE-SR process. In the results section, equilibrium outputs can then be compared with these maxima to assess which conditions were optimum for highest H 2 yield, purity, and energy demand.
As in Adiya et al. [32] , the thermal efficiency of the process is assessed here via the 'D H ratio'. 'D H ratio' is the enthalpy of generating 1 mol of H 2 via the equilibrium process considered (e.g. C-SR or SE-SR), divided by that gained from reacting this H 2 with oxygen, representing it final use in a fuel cell or combustion process [26] . D H ratio greater than one (>1) corresponds to a non-efficient process while D H ratio <1 is a proficient process and potentially economic from energy perspective. The farther D H ratio is from one, the more proficient and feasible the process should be considered. As a measure of theoretical thermal efficiency, D H ratio allows comparing between feedstocks for a same process, or between different processes with the same feedstock, based on the same outcome of 1 mol of H 2 produced. Calculations were made based on the enthalpy terms equations defined as in Adiya et al. [32] . For each process, generally two terms were calculated, the change in physical transformations (sensible and latent enthalpy changes for all the species) due to heating and cooling, and the change in reaction enthalpy (isothermal). Regeneration of the Ca-sorbent was assumed to take place at 1170 K, otherwise reforming reactions had given temperatures within a wide range investigated.
For the individual reactants enthalpy change terms, the subscript '1' denoted 'reaction process 1', ie., the first time step of the cyclic reforming process under consideration (steam reforming and carbonation), and the subscript '2' was 
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Results and discussion
Effect of varying composition in feedstock on SE-SR process outputs H 2 yield, H 2 purity and selectivity to calcium carbonate product H 2 yield and purity plots over temperature range of 500e1200 K, atmospheric pressure and S:C ratio of 3 are displayed in Figs. 2 and 3(a) for the different shale gas compositions using CaO (S) sorbent. H 2 yield and purity was not only dependent on temperature and S:C ratio (to be discussed later) but also on the content of hydrocarbons in the gases (i.e. SG 1 > SG 2 > SG 3 > SG 4) as well. The figures show that gases with low hydrocarbons composition had the lowest H 2 yield. This was expected because of the combined effects of decreasing numerator (less moles of H 2 produced from lower C and H content) and increasing denominator (increasing molar mass of fuel due to heavier inert CO 2 and N 2 content) in Eq. (4), as SG mixtures varied from SG1 to SG4. To further illustrate the effect of gas composition on H 2 yield and purity a common case of S:C 3 with CaO (S) sorbent can be used. The highest equilibrium H 2 yield for SG1 was 45.5 wt% of fuel at 880 K, i.e. 93% of the maximum corresponding to complete reactions, as per Eq. (4) ( Table 1 ). This became 34.0 wt% of fuel at 890 K for SG2 (or 95% of max.), 25.0 wt% of fuel at 880 K for SG3 (95% of max.), and 11.0 wt% of fuel at 860 K for SG4 (96% of max.). Highest equilibrium H 2 yields for SG2-SG4 represented 25%, 45%, and 76% decreases compared to SG1, i.e. the same relative decreases can be calculated between the maximum H 2 yield according to Eq. (4) for SG1 and the rest of the shale gases (SG2-SG4) using values shown in Table 1 . This is because carbon selectivity to CaCO 3(S) was in excess of 90% for all the shale gases as can be seen in Fig. 3 . Highest H 2 purity at equilibrium was found between 720 K and 950 K followed the trend of decreasing from close to 100% for SG1, to 66% for SG4, in agreement with values calculated in Table 1 , corroborating equilibrium conditions close to complete reaction to H 2 and CaCO 3(S) . As selectivity to CaCO 3(S) dropped for temperatures above 950 K, the H 2 purity could be seen to revert to below those given in Table 1 for C-SR values (75% vs. 79% for SG1, 50% vs. 58% for SG4), as the CO co-product from reverse water gas shift prevented the maximum purity to be reached at these higher temperatures.
One of the most significant uses of Ca sorbent in a reforming process, if not the best, is the fact that it effectively captures CO 2 as depicted in Fig. 3(b) . This process (carbonation reaction) is the backbone of all the benefits observed in the process from substantial increase in H 2 yield and purity to significant energy savings brought about by the SE-SR process. Examples and a discussion of such energy savings can be found for SG1 in our previous publication S G Adiya et al. [32] . In Ref. [32] , we show the equilibrium moles of CaCO 3(s) decrease gradually reaching zero with increase in temperature from approximately 960 or 990 K depending on S:C ratio for the SG considered. This was expected because of the high reaction temperature in favour of the strong endothermic decomposition of CaCO 3(s) [29, 32, 72, 73] . Formation of CaCO 3(s) above 1000 K is not possible owing to it decomposition. In the absence of steam in the system and stoichiometric S:C ratio i.e. S:C 1, the generation of CO 2 is limited by steam available for steam reforming, thus, the production of CaCO 3(s) is significantly low or not possible. Previous studies on SE-SR process such as Silva et al. [23] , Chen et al. [24] and Dupont et al. [26] were in good agreement with the results of present studies with regards to H 2 yield and purity and efficiency of CO 2 capture.
Magnitude of sorption enhancement effects due to hydrocarbon content in feed gas SG1-4 contain varying ratios of C 2 H 6 and C 3 H 8 species with respect to CH 4 . In this section we explore whether sorption enhancement effects on H 2 yield and purity at medium high temperatures are affected by the nature of the hydrocarbon gases present in the shale gas. Fig. 4(a-b) , which correspond to feedstocks composed in turn of 99.5 vol% of either CH 4 , C 2 H 6 or C 3 H 8 , (with 0.1 vol% CO 2 and 0.4 vol% of N 2 , like SG1), shows the profile of sorption enhancement in H 2 yield (Eq. (6)) is not affected by the nature of the alkane gases present in the feedstock. The sorption enhancement effect in H 2 purity (Eq (7)) is seen to be minimally affected by the nature of the alkanes in the feedstock.
Similarly, sorption enhancement has a beneficial effect on the undesirable CH 4 yield. Fig. 4(c) plots the decrease in % CH 4 yield introduced by the presence of CaO sorbent in ratio Ca:C ¼ 1 compared to that of the C-SR (Eq. (8)). It can be seen that, again, the % drop in CH 4 yield is not affected by the nature of the alkane present in the feedstock. Thus it is expected that varying the ratio of C 2 H 6 and C 3 H 8 to CH 4 will not affect the extent of the sorption enhancement effects for a given set of Ca:C ratio, S:C and temperature. The maximum combined Fig. 2 e Equilibrium H 2 yield vs temperature at 1 bar, Ca:C 1 and S:C 3 for SG1-4 using CaO (S) sorbent. Maximum H 2 yield by complete reaction to CaCO 3(s) given in Table 1 . enhancement effects by introducing the CaO sorbent in the system with Ca:C of 1 in the conditions tested are observed at 750 K, which sees the CH 4 yield decrease by 85e90%, concurrent with 150e160% increase in H 2 yield and 65e81% increase in H 2 purity.
Magnitude of sorption enhancement effects due to N 2 and CO 2 content in the feed gas Another characteristic of the shale gases and conventional natural gases is their varying content in non-hydrocarbon gases, represented by the CO 2 and N 2 . CO 2 and N 2 content in Fig. 3 e (a) H 2 purity vs temperature at 1 bar, Ca:C 1 and S:C 3 for shale gases 1e4, using CaO (S) sorbent (b) selectivity of carbon to CaCO 3 vs temperature at 1 bar, Ca:C 1 and S:C 3 for shale gases 1e4, using CaO (S) sorbent. Maximum H 2 purity by complete reaction to CaCO 3(s) given in Table 1 . 
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Sorption enhancements variation with N 2 content. Fig. 5(a and   b) plots the percent relative increases brought about by CaO in the steam reforming process (SE-SR at Ca:C of 1) to both H 2 yield and H 2 purity compared to the sorbent free system (C-SR) for varying temperatures and S:C. The feedstock chosen for the study was a composition of SG consisting of just CH 4 4 yield caused by a Ca:C of 1 in the steam reforming process (SE-SR) compared to the Ca-free process (C-SR). It can be seen that increasing the inert gas N 2 in the feed has small but non negligible effects on the enhancement effects as measured by increases in H 2 yield and purity as well as drop in CH 4 yield (i.e, increase in CH 4 conversion). For a given reforming temperature, as N 2 vol% increases in the feed, the enhancement on H 2 yield decreases, that on H 2 purity increases, while the inhibition of CH 4 yield increases. For the whole range of N 2 vol%, the inhibition of CH 4 yield peaked at 750 K, beyond which the differences in inhibition of CH 4 yield disappeared, and all inhibition effect was negligible at 1000 K. Given that sorption enhanced steam reforming at 1 atm and S:C of 3 would be conducted at temperatures above 700 K and below 900 K to maximise H 2 yield and purity (Figs. 2 and 3a) , then highest enhancement effects would be achieved for feed gas with little N 2 dilution.
Sorption enhancements variation with CO 2 content in the feed.
The range of CO 2 content in the feed gas investigated here is 0.1e40 vol%, as CO 2 content is unlikely to exceed 40 vol% (typical of biogas composition). Enhancements effects were considered for feed gases with only CH 4 as the hydrocarbon content, with a Ca:C of 1 which included the carbon from the CO 2 in the feed, and a N 2 vol% of 0.4 (as in SG1). Fig. 6 (a-c) shows the increases in H 2 yield and H 2 purity and the drop in CH 4 yield of SE-SR vs. the C-SR.
For the range of CO 2 content investigated (0.1e40 vol%), increases in H 2 yield between SE-SR and C-SR were more significant for the larger CO 2 content and for lower temperatures. The difference in enhancement between the different CO 2 contents dropped steadily with increasing temperature. A Fig. 5 e Enhancement effects at 1 bar, S:C 3 and Ca:C 1 compared to C-SR when using feedstocks of single alkane content CH 4 , with 0.1 vol% CO 2 and varying N 2 content between 0.4 and 70 vol% (a) % increase in H 2 yield (b) % increase in H 2 purity, (c) % drop in CH 4 yield. similar effect was found for H 2 purity. This can be explained by the presence of the CO 2 sorbent in Ca to feed Carbon molar ratio of 1 acting in two ways, as capture of the inert feed CO 2 and as equilibrium shift agent by removing a gas reaction product of steam reforming and water gas shift, unlike the inert N 2 . In contrast, the drop in CH 4 yield in the temperature region favourable to methanation was found to be insensitive to CO 2 content, and peaked at 750 K.
Performing tests at higher vol% of CO 2 than 40 vol% yielded contrasting results with those obtained below 40 vol% and were attributed to a CO 2 : hydrocarbon C ratio larger than 1, resulting in significant solid carbon product predicted for the C-SR equilibrium and non-monotonic enhancement effects for SE-SR compared to C-SR (not shown).
Enhancement effects of SE-SR vs. C-SR for SG1-4
Differences in SG1, SG2, SG3 and SG4's compositions, which represent real shale gases, are characterised by their varying C1þ alkane content, ie. 4.5e20.1 vol% of (C 2 H 6 þC 3 H 8 ), almost constant CO 2 content (0e3%), and significantly changing N 2 content (0.4e65.0 vol%), with several species compositions altering simultaneously from one SG to the next. It was determined previously that for a given reforming temperature and S:C ratio, percent increases in H 2 yield and percent drops in CH 4 yield (SE-SR vs. C-SR) were not sensitive individually to either presence of C1þ content (CH 4 /C 2 H 6 /C 3 H 8 ) in the feed, nor to CO 2 content in the 0.1e10.0 vol% range, but were slightly affected by varying N 2 content in the 0.4e70.0 vol% range. This explains that the percent increases in H 2 yield and purity, and percent drops in CH 4 yield when considering in turn SG1-4, exhibited also a small quasi linear dependence on the N 2 content in the shale gas, but not on their other compounds. This is illustrated in Fig. 7 below.
Effect of temperature on SE-SR process output
Maximum water and minimum CO 2 yield in the equilibrium products was seen in the low temperature zone in agreement with methanation reactions. The methane conversion was 
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Please cite this article in press as: S G Adiya ZI, et al., Effect of hydrocarbon fractions, N 2 and CO 2 in feed gas on hydrogen production using sorption enhanced steam reforming: Thermodynamic analysis, International Journal of Hydrogen Energy (2017), http:// dx.doi.org/10.1016/j.ijhydene.2017.06.169 particularly negative (output higher than the input) in the low temperature range (298e540 K). As temperature rose the yield of methane dropped gradually, and CO 2 dominated. Nearly complete conversion of fuel (shale gas) was observed for all the temperatures investigated. Both shale gases required temperature in the range of 900e1000 K to undergo thermal decomposition and begin converting significantly to H 2 at S:C 0. For S:C of 1, 2, and 3, H 2 yield and purity increased steeply as temperature increased (Figure not shown) . This was caused by shift from the strongly exothermic methanation reaction favoured at low temperature to endothermic steam methane reforming favoured at high temperatures. As soon as a certain point limit is reached, at about 700 K approximately, H 2 yield and purity stabilised and then declined at a point, where a gentle dwindling in H 2 yield and purity is seen, independent of the S:C ratio. This is caused by the reverse water gas shift reaction which tends to dominate at higher temperatures. The main equilibrium products from the gas-water system at S:C ratio of 1, 2, and 3 are; CH 4 , CO, CO 2, and H 2 , with the later (H 2 ) dominating in the medium/high temperature range. Steam reforming took place significantly, dominating methanation reaction at roughly 700 K (427 C ), as described by a sharp increase in H 2 yield in Fig. 2 . The condition of S:C 3, Ca:C 1 and 1 bar indicated maximum equilibrium H 2 yield and purity. It is interesting to note that the optimum temperature for SE-SR is in the range of 800e900 K approximately based on the maximum equilibrium output (see supplementary data). The temperature range also corresponds to the range of maximum CO 2 sorption to CaCO 3(S) as depicted in Fig. 3(b) .
Effect of steam to carbon ratio on process outputs
Nearly complete water conversion (e.g. 99.9% at 500 K maximum for shale gas '2') was seen at S:C 1 with CaO (S) sorbent in the system, no doubt this is because stoichiometric amount of water (reactant) was provided to the system. At S:C ratio of 2 and 3 incomplete water conversion was seen because water was provided in excess to the system (see supplementary data for maximum conversion). It was found that the effect of S:C ratio for the four SG was also dependent on the gas composition. The term 'S:C ratio' defined here as the total moles of water inputted divided by the total moles of carbon species in the feed. Consequently, the higher the moles of carbon species in the feedstock, the higher the moles of water to be used as reactant. Thus, contributing to the high H 2 yield, decreasing with decreasing number of carbon species in the feedstock which corresponds to decreasing concentration of water in the system. Although the maximum steam conversion (at the varied S:C ratio) was in the same range for all the varied gases, for example at S:C ratio of 3, steam conversion was in the range of 63e64% for all the four shale gases, with almost no or negligible difference. Generally speaking, steam variation (a reactant in both reforming and the water gas shift reaction process) can significantly affect the equilibrium of both reactions. S:C ratio was varied in the range of 0e3, higher values were not considered as previous study by S G Adiya et al. [32] and Antzara et al. [74] have shown that S:C ratios higher than 4 do not have any significant further effect on H 2 yield and purity. The variation of S:C ratio in SE-SR process is in agreement with Le Chatelier's principle in all the four varied gas composition, whereby an increase in the water concentration in the system favours the equilibrium of the H 2 producing reactions towards conversion of the excess water into H 2 , thus triggering higher H 2 yield and purity.
Effect of inert bed materials, hydrocarbon fractions, inert N 2 and CO 2 and on enthalpy balance
Effect of inert bed materials on energy balance
Reduced energy demand was caused by the carbonation reaction in the SE-SR process even though a complete regeneration of the CaCO 3(s) back to CaO (s) via a decarbonation step was conducted at 1170 K in the presence of a typical commercial steam reforming catalyst (18 wt% NiO on a-Al 2 O 3 support). The equilibrium materials balances were not affected by the presence of non-reacting solid materials in the reactor bed (catalyst and it support, and the fresh and degraded sorbent). In other words, H 2 yield and purity are the same with non-reacting solid materials compared to without, as they do not have any influence on them. However, nonreacting bed materials significantly affect the energy of operating the system. This is because they would require heating or cooling as required during the operation. This is further demonstrated in Fig. 8(a) depicting the D H ratio of shale gas 3 (used for demonstration) with degraded sorbent been higher than the system without degraded sorbent at exactly same operating condition. The effect of degraded sorbent in the bed was represented by introducing in the reactants mix the equivalent of 90 wt% of the total molar calcium in the feed as inert CaO. The Ca:C ratio of 1 quoted in the figures refers to the active CaO. The DH ratios of the system with degraded sorbent were seen to increase compared to the system with active sorbent only by 0.118 at 880 K (region of maximum H 2 yield and purity), with a narrowing gap as the reforming temperature approached the regeneration temperature of 1170 K. This no doubt can be attributed to the enthalpy cost of heating the degraded sorbent as shown in Fig. 8(c) , increasing the total enthalpy of the entire process as depicted by Fig. 8(b) .
Effect of hydrocarbon fractions on enthalpy balance
The cost of heating up the gas was relatively insignificant compared to those of raising steam from liquid water feed. The total energy cost of the process was dominated by water enthalpy change accounting for over 70% approximately of the total energy required to heat the cold reactants. Using shale gas termed '1' for example at 880 K (region of maximum H 2 yield and purity) 88% of the total energy required to heat the cold reactants was dominated by water. However, this decreased to 86%, 84% and 77% for shale gas termed 2, 3 and 4 respectively at same conditions. This was expected since the concentration of water in each of the system was based on number of carbon concentration explained earlier. This compromise the choice of gas feedstock with high hydrocarbon content; between high cost of raising excess steam (cause by the use of high S:C ratio) balance by higher H 2 yield and purity (cause by the high hydrocarbon content in the feedstock). Fig. 9 further help in analysing the energetic cost of operating with each of the SGs. Although not particularly significant because they depend on the molar inputs chosen for the system, what matters is the relative positions of each enthalpy term profiles in the figure. The figure clearly depicts that it is more energetically costly to operate with shale gas termed 1 compared 2, 3 and 4. This energetic cost is found to be dominated by enthalpy of raising steam which is dependent on the carbon specie concentration in each of the gas.
No significant difference was found between the D H ratio and total enthalpy terms in kJ/mol of H 2 produced of SG1-3. However, significant difference was observed between SG1 and SG4 as shown in Fig. 10 caused by the significant concentration of N 2 in SG4 costing 12.00% at 880 K of the total energy required in heating the cold reactants as opposed to 0.03% for SG1, 1.25% and 4.00% for SG2 and SG3 respectively at same operating condition. The effect of N 2 and CO 2 gas fractions on steam reforming process will be discussed in more detail in the next section. 
Effect of N 2 and CO 2 content in the feed gas on enthalpy balance
Although most gases contain inert species with varied concentrations according to their source (from 1 to over 40%) [75] as reflected in the N 2 contents listed in Table 1 , a gas with high hydrocarbon content and reasonable inert composition is more suitable for steam reforming from almost all perspective especially the economic part. A gas with significantly high inerts contents, as reflected by N 2 concentration in SG3 and SG4 particularly affects the cost of reforming plants significantly in a very negative way. This is because the energy of heating up the inert gas flow adds to the total energy of the whole process, thus increasing the cost of operating the plant. Moreover, inert gases do not directly generate H 2 , hence, their presence in the system has relatively no significance to H 2 generation. Nonetheless, a positive effect of inert gas content in the shale gas is that the partial pressure of the N 2 reduces that of the reactants (e.g CH 4 and steam) in the system, thus favouring the equilibrium of the steam reforming process in accordance with Le Chatelier's principle and as proved by several laboratory scale studies [21] .
The effect of CO 2 in the shale gas feedstock, has, by comparison a more negative effect on the SR due to CO 2 being one of the desirable products of the shale gas conversion and the equilibrium shift towards methanation and reverse water gas shift at medium temperatures. However, gases with significant amount of CO 2 can generate H 2 through dry reforming of CH 4 at higher temperatures (R5) [76, 77] , but studies on the rate of the reaction while occurring simultaneously with steam reforming are limited/not available. For the SE-SR process, significant concentration or flow of CO 2 can lead to fast saturation of the sorbent, which in turn will increase the cost of operation either by frequent regeneration of the sorbent or require over-sizing of the sorbent bed. The increased frequency of regeneration may also result in faster loss of sorbent capacity owing to deactivation over repeated use. According to an experiment represented by Laosiripojana et al. [75] , both CO 2 and H 2 S inhibit methane steam reforming rate over both catalysts (Ni/CeO 2 and Ni/ Al 2 O 3 ) investigated and subsequently caused a decreased on H 2 production yield.
Conclusion and final remarks
A detailed thermodynamic equilibrium analysis of four varied shale gas composition (as represented by content in higher hydrocarbon, inert N 2 and CO 2 gas in the various gases, with methane always being the main hydrocarbon component) in the presence of CaO sorbent for H 2 production has been conducted. The influence of hydrocarbon fractions, temperature, S:C ratio, inert N 2 , CO 2 gas and inert bed materials on equilibrium yield and enthalpy balance has been investigated. The analysis yielded the following fundamental insights and recommendations: H 2 yield and purity was not only dependent on temperature and S:C ratio but also on the content of hydrocarbons in the gases. H 2 yield and purity decrease in succession of the hydrocarbon content (i.e. SG 1 > SG 2 > SG 3 > SG 4). Up to 25%, 45% and 76% decrease in maximum H 2 yield was seen in SG2-4 respectively compared to SG1 with the highest hydrocarbon content. The magnitude of enhancement effects brought on by sorption enhanced steam reforming compared to conventional steam reforming at given temperature and steam to carbon ratio are not dependent on the alkane mix, nor the CO 2 content in the feed (0.1e10 vol %), but slightly dependent on the nitrogen content in the feed (0.4e70 vol%), with larger H 2 purity enhancement but lower H 2 yield enhancement for larger N 2 content, inhibition of methanation is also larger for larger N 2 content at temperatures below 750 K. Gases with high hydrocarbon composition have also higher energetic cost of operation than gases with lower hydrocarbon content. The conditions of S:C 3, 1 bar, and temperature range of 800e900 K are optimal conditions of SE-SR process. SE-SR could have considerable advantages for H 2 production because of the substantial increase in H 2 yield and purity, as well as significant drop in temperature of the maximum H 2 yield with effective capture of CO 2 under well-chosen operational conditions. Near full sorption enhancement (over 90% efficiency of CO 2 capture) was seen in the temperature range of about 880e900 K, this will reduce, if not eliminate, the need for further purification steps required in C-SR as well as minimise the cost of operating the system, depending on the purity requirement and end use of the H 2 produced. The opportunity of operating the system at low temperature (due to the presence of Ca sorbent) could in turn decrease the need to operate at high pressure, thus, favouring the H 2 producing reactions. The presence of degraded CO 2 sorbent in the reactor bed introduces a heating burden associated with heating the material from reforming temperature to sorbent regeneration temperature.
